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1 
ULTRA-WIDEBAND, LOW PROFILE 
ANTENNA 
REFERENCE TO GOVERNMENT RIGHTS 
2 
Other principal features and advantages of the invention 
will become apparent to those skilled in the art upon review of 
the following drawings, the detailed description, and the 
appended claims. 
BRIEF DESCRIPTION OF THE DRAWINGS This invention was made with United States government 
support under W911 QX-08-C-0093 awarded by the ARMY I 
ARL. The United States government has certain rights in the 
invention. 
Illustrative embodiments of the invention will hereafter be 
described with reference to the accompanying drawings, 
10 wherein like numerals denote like elements. 
BACKGROUND 
In some applications, ultra-wide band antennas are needed 
FIG. 1 is a side view of an antenna in accordance with an 
illustrative embodiment. 
FIG. 2 is a top view of the antenna ofFIG.1 in accordance 
with an illustrative embodiment. 
FIG. 3 is a perspective side view of the antenna of FIG. 1 in 
accordance with an illustrative embodiment. 
to operate at very low frequencies, for example, at or below 
the ultra high frequency band. At such frequencies, the elec- 15 
tromagnetic wavelength is very large. Consequently, any 
antenna that is used at these frequencies will be physically 
very large. This physically large dimension, i.e. 30-40 feet, 
may result in a very high antenna that protrudes from a sup-
port object, such as a vehicle, and that can be easily seen. 
FIG. 4 is a graph showing a voltage standing wave ratio 
determined by simulating the performance of the antenna of 
FIGS. 1-3 when operating in a coupled loop mode and a 
20 wideband dipole mode. 
FIG. 5 is a top view of a second antenna in accordance with 
a second illustrative embodiment. 
FIG. 6 is a schematic view of a metamaterial substrate used 
to form a ground plane of an antenna in accordance with an 
illustrative embodiment. 
FIG. 7 is a graph showing an electric permittivity of the 
metamaterial substrate of FIG. 6 in accordance with an illus-
trative embodiment. 
An "electrically-small" antenna refers to an antenna or 
antenna element with relatively small geometrical dimen-
sions compared to the wavelength of the electromagnetic 
fields the antenna radiates. Electrically-small antenna ele-
ments may be used in low frequency applications to overcome 25 
issues associated with the physical size of the antenna 
required based on the wavelength. Unfortunately, electrically 
small antennas tend to have relatively large radiation quality 
factors meaning that they tend to store, based on a time 
average, much more energy than they radiate resulting in very 
low radiation efficiencies. 
FIG. 8 is a graph showing a magnetic permeability of the 
30 metamaterial substrate of FIG. 6 in accordance with an illus-
SUMMARY 
In an illustrative embodiment, an ultra-wideband, low pro- 35 
file antenna is provided. The antenna includes a ground plane 
substrate and a radiating element. The radiating element 
includes at least two loop sections, wherein each of the at least 
two loop sections is electrically connected to a feed network 
and to the ground plane substrate. The radiating element is 40 
configured to radiate over a first frequency band when the 
feed network provides an in-phase input signal to the at least 
two loop sections and to radiate over a second frequency band 
when the feed network provides an out-of-phase input signal 
to the at least two loop sections. The second frequency band 45 
includes a lower frequency than the first frequency band. 
In another illustrative embodiment, an ultra-wideband, low 
profile antenna is provided. The antenna includes a ground 
plane substrate, a first radiating element, and a second radi-
ating element. The ground plane substrate is formed of at least 50 
four magneto-dielectric materials having different surface 
impedances. The first radiating element includes two loop 
sections, wherein each of the two loop sections of the first 
radiating element is electrically connected to a feed network 
and to the ground plane substrate. The second radiating ele- 55 
ment includes two loop sections wherein each of the two loop 
sections of the second radiating element is electrically con-
nected to the feed network and to the ground plane substrate. 
Each of the two loop sections of the first radiating element and 
each of the two loop sections of the second radiating element 60 
is electrically connected to a different magneto-dielectric 
material of the ground plane substrate. The feed network 
provides an input signal to each loop section of the first 
radiating element and of the second radiating element, where 
the input signal to each has a different phase selected to define 65 
a direction of a radiation pattern generated by the first radi-
ating element and the second radiating element. 
trative embodiment. 
FIG. 9 is a graph showing a frequency response of a plu-
rality of illustrative metamaterial substrates structured as 
shown in FIG. 6. 
FIG. 10 is a top view of a third antenna in accordance with 
a third illustrative embodiment. 
FIG.11 is a top view of a fourth antenna in accordance with 
a fourth illustrative embodiment. 
FIG. 12 is a graph showing directional radiation patterns in 
the azimuth planes obtained by optimizing the fourth antenna 
of FIG. 11 in accordance with an illustrative embodiment. 
FIG. 13a is a graph showing an electric field distribution in 
the near field of the antenna of FIG. 1 in accordance with an 
illustrative embodiment. 
FIG.13b is a graph showing a magnetic field distribution in 
the near field of the antenna of FIG. 1 in accordance with an 
illustrative embodiment. 
FIG. 14 is a side view of a fifth antenna in accordance with 
a fifth illustrative embodiment. 
FIG. 15 is a graph comparing a voltage standing wave ratio 
determined by simulating the performance of the antenna of 
FIG. 1 when operating in a coupled loop mode and a wide-
band dipole mode with the performance of the antenna of 
FIG. 14 when operating in a coupled loop mode and a wide-
band dipole mode. 
FIG. 16 is a side view of a sixth antenna in accordance with 
a sixth illustrative embodiment. 
FIG. 17 is a top view of a seventh antenna in accordance 
with a seventh illustrative embodiment. 
FIG.18 depicts a feed network of an antenna in accordance 
with an illustrative embodiment. 
DETAILED DESCRIPTION 
With reference to FIG. 1, a side view of an antenna 100 is 
shown in accordance with an illustrative embodiment. 
Antenna 100 may include a ground plane substrate 102 and a 
US 8,228,251 B 1 
3 4 
radiating element 103. Ground plane substrate 102 is electri-
cally grounded and may be formed of any material suitable 
for forming an electrical ground for antenna 100. For 
example, ground plane substrate 102 may be formed of a 
metal sheet alone or with a dielectric or magnetic material or 5 
a magneto-dielectric material on a top surface of the metal 
sheet. Radiating element 103 may include a first loop section 
104 anda second loop section 106. First loop section 104 and 
second loop section 106 may be formed of any conducting 
material suitable for forming a radiator of antenna 100. For 10 
example, first loop section 104 and second loop section 106 
may be formed of copper or brass sheets among many other 
options as known to a person of skill in the art. First loop 
section 104 and second loop section 106 may be formed of the 15 
same or different materials. First loop section 104 may 
include a first section 116, a second section 114, and a third 
section 108. First section 116, second section 114, and third 
section 108 of first loop section 104 may be formed of the 
same or different materials. Second loop section 106 may 20 
include a first section 120, a second section 118, and a third 
section 110. First section 120, second section 118, and third 
section 110 of second loop section 106 may be formed of the 
same or different materials. 
Third end 134 of second section 114 of first loop section 
104 is mounted to second end 132 of first section 116 of first 
loop section 104 such that first section 116 and second section 
114 of first loop section 104 form two sides of a triangle 
extending above ground plane substrate 102 when projected 
into a first plane perpendicular to a second plane defined by 
ground plane substrate 102 and extending through ground 
plane substrate 102 as shown with reference to FIG. 1. Third 
end 142 of second section 118 of second loop section 106 is 
mounted to second end 140 of first section 120 of second loop 
section 106 such that first section 120 and second section 118 
of second loop section 106 form two sides of a triangle 
extending above ground plane substrate 102 when projected 
into the first plane perpendicular to the second plane defined 
by ground plane substrate 102 and extending through ground 
plane substrate 102 as shown with reference to FIG. 1. 
A length 124 of radiating element 103 between fourth end 
136 of second section 114 of first loop section 104 and fourth 
end 144 of second section 118 of second loop section 106 may 
be approximately 0.18Amin where "-min is a wavelength at a 
lowest design frequency of antenna 100. In an illustrative 
embodiment, third section 108 of first loop section 104 and 
third section 110 of second loop section 106 are generally 
planar and oriented in a third plane approximately parallel to 
First section 116 of first loop section 104 includes a first 
end 130 and a second end 132, wherein first end 130 is 
electrically connected to a feed network 128 through a feed 
112. Second section 114 of first loop section 104 includes a 
third end 134 and a fourth end 136, wherein third end 134 is 
mounted to second end 132 of first section 116 of first loop 
section 104, and fourth end 136 is mounted to ground plane 
substrate 102. In other embodiments, first section 116 and 
second section 114 of first loop section 104 are formed of the 
same section which is bent to form the structure shown with 
reference to FIG.1. Third section 108 of first loop section 104 
is mounted to second end 132 of first section 116 of first loop 
section 104 and third end 134 of second section 114 of first 
loop section 104 along a first edge 115. As used in this 
disclosure, the term "mount" includes join, unite, connect, 
associate, insert, hang, hold, affix, attach, fasten, bind, paste, 
secure, bolt, screw, rivet, solder, weld, glue, form over, layer, 
and other like terms. The phrases "mounted on" and 
"mounted to" include any interior or exterior portion of the 
support member referenced. 
First section 120 of second loop section 106 includes a first 
end 138 and a second end 140, wherein first end 138 is 
electrically connected to feed network 128 through feed 112. 
Second section 118 of second loop section 106 includes a 
third end 142 and a fourth end 144, wherein third end 142 is 
mounted to second end 140 of first section 120 of second loop 
section 106, and fourth end 144 is mounted to ground plane 
substrate 102. In other embodiments, first section 120 and 
second section 118 of second loop section 106 are formed of 
the same section which is bent to form the structure shown 
with reference to FIG. 1. Third section 110 of second loop 
section 106 is mounted to second end 140 of first section 120 
of second loop section 106 and third end 142 of second 
section 118 of second loop section 106 along a second edge 
119. A gap 122 is formed between third section 108 of first 
loop section 104 and third section 110 of second loop section 
106. Feed 112 further includes a gap (shown with reference to 
FIGS. 2 and 3) between first end 130 of first section 116 of 
first loop section 104 and first end 138 of first section 120 of 
second loop section 106. Gap 122 and the gap between first 
end 130 of first section 116 of first loop section 104 and first 
end 138 of first section 120 of second loop section 106 may 
have the same or different widths. 
25 the second plane defined by ground plane substrate 102. A 
height 126 of radiating element 103 between the second plane 
and the third plane may be approximately 0.07"-min· 
With reference to FIG. 2, a top view of antenna 100 is 
shown in accordance with an illustrative embodiment. In the 
30 illustrative embodiment of FIG. 2, third section 108 of first 
loop section 104 and third section 110 of second loop section 
106 have a pentagon shape when projected into the second 
plane defined by ground plane substrate 102. Third section 
108 of first loop section 104 and third section 110 of second 
35 loop section 106 may form other polygonal shapes than those 
shown in the illustrative embodiments. 
In the illustrative embodiment of FIG. 2, first section 116 
and second section 114 of first loop section 104 together have 
a quadrilateral shape when projected into the second plane 
40 defined by ground plane substrate 102, and first section 120 
and second section 118 of second loop section 106 together 
have a quadrilateral shape when projected into the second 
plane defined by ground plane substrate 102. First section 116 
and second section 114 of first loop section 104 and first 
45 section 120 and second section 118 of second loop section 
106 may form other polygonal shapes than those shown in the 
illustrative embodiments. More specifically, in the illustrative 
embodiment of FIG. 2, first section 116 and second section 
114 of first loop section 104 together have a deltoid shape 
50 when projected into the second plane defined by ground plane 
substrate 102, and first section 120 and second section 118 of 
second loop section 106 together have a deltoid shape when 
projected into the second plane defined by ground plane sub-
strate 102, where a deltoid is a quadrilateral with two disjoint 
55 pairs of congruent adjacent sides, in contrast to a parallelo-
gram, where the sides of equal length are opposite. 
In the illustrative embodiment of FIG. 2, first edge 115 is a 
diagonal of the quadrilateral shape formed by first section 116 
and second section 114 of first loop section 104, and second 
60 edge 119 is a diagonal of the quadrilateral shape formed by 
first section 120 and second section 118 of second loop sec-
tion 106. In an illustrative embodiment, first edge 115 and 
second edge 119 have a first length 200 in a range from 
approximately O.OSA.min to approximately O.lAmin depending 
65 on the shape. In the illustrative embodiment of FIG. 2, a 
diagonal of the pentagon shape formed by third section 108 of 
first loop section 104 and a diagonal of the pentagon shape 
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formed by third section 110 of second loop section 106 and 
generally parallel to first edge 115 and second edge 119 have 
a second length 202 of in a range from approximately 
o.on.min to approximately 0.14"-min depending on the shape. 
Second loop section 106 is mounted as a mirror image of 5 
first loop section 104 with gap 122 positioned between a first 
end point 204 of first loop section 104 and a second end point 
206 of second loop section 106. First end point 204 is at a tip 
of the long edges of the deltoid shape formed by first section 
116 and second section 114 of first loop section 104. First end 10 
point 204 may also include a tip of the pentagon shape formed 
by third section 108 of first loop section 104. Second end 
point 206 is at a tip of the long edges of the deltoid shape 
formed by first section 120 and second section 118 of second 
loop section 106. Second end point 206 may also include a tip 15 
of the pentagon shape formed by third section 110 of second 
loop section 106. In the illustrative embodiment of FIG. 2, 
gap 122 has a length of approximately O.OOSA.min· 
With reference to the illustrative embodiment of FIGS. 1 to 
6 
With reference to FIG. 18, a transmitter and/or receiver or 
transceiver 1800 is connected to antenna 100 through feed 
network 128 and feed 112. Feed 112 may include a first input 
line 1802 connecting to first loop section 104 and a second 
input line 1804 connecting to second loop section 106. If 
antenna 100 includes additional loop sections, feed 112 may 
include additional input lines. Radiating element 103 is con-
figured to radiate over a first frequency band when feed net-
work 128 provides an in-phase input signal 1810 to first input 
line 1802 and second input line 1804 and to radiate over a 
second frequency band when feed network 128 provides an 
out-of-phase input signal 1808 to first input line 1802 and 
second input line 1804. The second frequency band includes 
a lower frequency than the first frequency band. Thus, the 
operational band of antenna 100 can be divided into two 
regions. In the first region, antenna 100 acts as a miniaturized, 
common mode antenna (CMA) and ultra-wideband operation 
is obtained in a frequency range extending from a lowest 
frequency of operation, fu to at least 3.0 gigahertz (GHz). 
20 However, since the CMA may be an extremely wideband 
antenna, a highest frequency of operation may be signifi-
cantly higher than 3 .0 GHz, for example, as high as 40.0 GHz 
or more. In the second mode of operation, antenna 100 is 
differentially fed to act as a wideband dipole antenna. The 
3, third section 108 of first loop section 104 mounts to first 
section 116 and second section 114 of first loop section 104 
along first edge 115, which forms a diagonal of the deltoid 
shape formed by first section 116 and second section 114 of 
first loop section 104 that does not include first end point 204, 
and third section 110 of second loop section 106 mounts to 
first section 120 and second section 118 of second loop sec-
tion 106 along second edge 119, which forms a diagonal of 
the deltoid shape formed by first section 120 and second 
section 118 of second loop section 106 that does not include 
second end point 206. First end point 204 is centered within 30 
an angle formed between two sides of the pentagon shape 
formed by third section 108 of first loop section 104. Second 
end point 206 is centered within an angle formed between two 
sides of the pentagon shape formed by third section 110 of 
second loop section 106. A pentagon surface area defined by 35 
the pentagon shape formed by third section 108 of first loop 
section 104 is larger than a deltoid surface area defined by the 
deltoid shape formed by first section 116 and second section 
114 of first loop section 104. Similarly, a pentagon surface 
area defined by the pentagon shape formed by third section 40 
110 of second loop section 106 is larger than a deltoid surface 
area defined by the deltoid shape formed by first section 120 
and second section 118 of second loop section 106. A penta-
gon diagonal extending from first end point 204 and bisecting 
the pentagon shape formed by third section 108 of first loop 45 
section 104 is approximately equal in length to a second 
diagonal of the deltoid shape formed by first section 116 and 
second section 114 of first loop section 104 that includes first 
end point 204. A pentagon diagonal extending from second 
end point 206 and bisecting the pentagon shape formed by 50 
third section 110 of second loop section 106 is approximately 
equal in length to a second diagonal of the deltoid shape 
formed by first section 120 and second section 118 of second 
loop section 106 that includes second end point 206. 
25 wideband dipole antenna can be optimized to operate from a 
lowest frequency such as 30-300 megahertz (MHz) up to at 
least f1 .As a result, a dual-mode antenna can be obtained that 
effectively covers a desired frequency range extending from 
30 MHz to 40.0 GHz and above. 
With reference to FIG. 3, a side perspective view ofantenna 55 
100 is shown in accordance with an illustrative embodiment. 
In the illustrative embodiment of FIG. 3, first loop section 104 
and second loop section 106 are oriented such that a ground 
plane diagonal 304 bisecting the pentagon shape formed by 
third section 108 of first loop section 104 and the pentagon 60 
shape formed by third section 110 of second loop section 106 
is parallel to length 124 of radiating element 103. Ground 
plane substrate 102 may have any polygonal shape. In an 
illustrative embodiment, ground plane substrate 102 is rect-
angular and has a width 300 and a length 302. As examples, 65 
width 300 may be approximately 0.2Amin and length 302 may 
be approximately 0.2Amin· 
To achieve seamless operation between the two modes, a 
simple, passive, feed network may be used to feed antenna 
100 in the appropriate mode based on the frequency of the 
input signal. For example, if antenna 100 is excited at 300 
MHz, feed network 128 ensures that antenna 100 is excited 
differentially causing antenna 100 to radiate as a wideband 
dipole providing a lower frequency band of operation. Alter-
natively, ifthe frequency of the input signal is, for example, 
2.0 GHz, antenna 100 is excited in-phase causing antenna 100 
to radiate as a common mode coupled loop antenna providing 
a higher frequency band. As known to a person of skill in the 
art, various feed network circuits may be designed to provide 
the excitation. In an illustrative embodiment, a feed network 
circuit, which is essentially a simple, fixed power divider that 
provides a frequency dependent phase shift of 0° or 180° 
between two outputs, is used. After integrating antenna 100 
and feed network 128, radiating element 103 acts as a single 
passive unit capable of operation over a bandwidth, for 
example, of 30 MHz to 40.0 GHz. As a result, antenna 100 
operates as a dual-mode antenna, without requiring switching 
or tuning to select between modes. Feed network 128 oper-
ating as a frequency dependent feed network automatically 
provides the appropriate excitation mode based on the input 
frequency of the input signal received from transmitter 1800. 
With reference to FIG. 4, a graph showing a voltage stand-
ing wave ratio (VSWR) determined by simulating the perfor-
mance of antenna 100 when operating in the coupled loop 
mode (CLM) and the wideband dipole mode (WDM) is pro-
vided in accordance with an illustrative embodiment. The 
simulated VSWR of antenna 100 in the CLM mode, shown by 
CLM curve 402 covers frequencies above 600 MHz. The 
simulated VSWR of antenna 100 in the WDM mode, shown 
by WDM curve 400 covers frequencies from approximately 
300 MHz to approximately 600 MHz range. 
With reference to FIG. 5, a top view of a second antenna 
500 is shown in accordance with a second illustrative embodi-
ment. Second antenna 500 may include ground plane sub-
strate 102, radiating element 103, and a second radiating 
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element 501. In the illustrative embodiment, second radiating 
element 501 is structurally similar to radiating element 103. 
Second radiating element 501 may include a first loop section 
502 and a second loop section 504. First loop section 502 of 
second radiating element 501 may be structurally similar to 
first loop section 104 of radiating element 103. First loop 
section 502 of second radiating element 501 may include a 
first section 512, a second section 510, and a third section 506. 
First section 512, second section 510, and third section 506 of 
first loop section 502 of second radiating element 501 may be 
structurally similar to first section 116, second section 114, 
and third section 108 of first loop section 104 of radiating 
element 103. Second loop section 504 of second radiating 
element 501 may include a first section 516, a second section 
514, and a third section 508. First section 516, second section 
514, and third section 508 of second loop section 504 of 
second radiating element 501 may be structurally similar to 
first section 120, second section 118, and third section 110 of 
second loop section 106 of radiating element 103. 
Second radiating element 501 is configured to radiate over 
a first frequency band when feed network 128 provides an 
in-phase input signal 1810 to first loop section 502 and to 
second loop section 504 and to radiate over a second fre-
quency band when feed network 128 provides an out-of-
phase input signal 1808 to first loop section 502 and to second 
loop section 504. The second frequency band includes a lower 
frequency than the first frequency band. Thus, the operational 
band ofantenna 500 can be divided into two regions similar to 
that described with reference to antenna 100. 
In an illustrative embodiment, the two orthogonal struc-
tures, radiating element 103 and second radiating element 
501, of second antenna 500 are fed through feed 112 with 
different relative phases. By appropriately choosing the phase 
shifts, second antenna 500 can be configured to obtain a 
directional radiation pattern or an enhanced onmidirectional 
pattern in the azimuth plane relative to antenna 100. The two 
orthogonal structures also can be placed in the same volume 
as that occupied by antenna 100. 
With reference to FIG. 6, a schematic view of a metama-
terial substrate 600 used to form a ground plane of an antenna 
is shown in accordance with an illustrative embodiment. Any 
antenna described herein may use metamaterial substrate 600 
as ground plane substrate 102. Use of metamaterial substrate 
600 as ground plane substrate 102 can result in enhanced 
performance in the WD M mode of operation. The generalized 
topology shown with reference to FIG. 6 includes a ground 
plane layer 602, a first substrate layer 604, a first capacitive 
patch layer 606, a second substrate layer 608, and a second 
capacitive patch layer 610. In alternative embodiments, there 
may be a fewer or a greater number of capacitive patch layers. 
For example, an alternative metamaterial substrate may not 
include second substrate layer 608 and a second capacitive 
patch layer 610. Ground plane layer 602 is configured to form 
8 
materials include Teflon®, high frequency microwave lami-
nates, FR-4 grade glass epoxy, etc. The first side of second 
substrate layer 608 is mounted to the second side of first 
capacitive patch layer 606. Second capacitive patch layer 610 
is formed of a second plurality of capacitive patches and is 
mounted to the second side of second substrate layer 608. A 
capacitive patch layer is formed of a periodic arrangement of 
sub-wavelength capacitive patches 612. Short circuited first 
substrate layer 604 and second substrate layer 608 provide an 
10 inductive surface impedance and first capacitive patch layer 
606 and second capacitive patch layer 610 provide a capaci-
tive impedance for metamaterial substrate 600. The parallel 
combination of the inductive and capacitive impedances pro-
15 vides a high impedance surface that acts as an artificial mag-
netic conductor (AMC) at its resonant frequency. The band-
width of this reactive impedance surface (RIS), when 
operated as an AMC, is defined to be the range of frequencies 
over which the phase of the reflection coefficient remains in 
20 the ±90° range. This bandwidth can be maximized by using a 
magneto-dielectric substrate that has a relatively large mag-
netic permeability. In an illustrative embodiment, metamate-
rial substrate 600 is Co2Z manufactured by Trans-Tech Cor-
poration. With reference to FIGS. 7 and 8, the frequency 
25 dependent electric permittivity and magnetic permeability of 
the illustrative material Co2Z are shown in curves 700 and 
800, respectively. 
With reference to FIG. 9, a graph showing a frequency 
response of a plurality of illustrative metamaterial substrates 
30 is shown in accordance with illustrative embodiments. The 
graph of FIG. 9 shows a reflection phase as a function of 
frequency where the metamaterial bandwidth is defined as the 
values where the reflection phase has a value for the reflection 
35 phase between 90 and -90 degrees. A first curve 900 shows 
the reflection phase as a function of frequency for metamate-
rial substrate 600 having a thickness of approximately 7 mil-
limeters (mm). A second curve 902 shows the reflection phase 
as a function of frequency for metamaterial substrate 600 
40 having a thickness of approximately 8 mm. A third curve 904 
shows the reflection phase as a function of frequency for 
metamaterial substrate 600 having a thickness of approxi-
mately 9 mm. As can be seen from the phase of reflection 
coefficient, the surface for each of the example prototype 
45 substrates acts as a wideband surface with more than one 
octave of usable RIS bandwidth. Though the examples shown 
demonstrate the operation of the proposed metamaterial sub-
strate as an AMC, the same RIS topology can be used to 
synthesize very wideband RISs with different reactive sur-
50 face impedances. This can be achieved by using the RIS 
topology shown in FIG. 6 and making minor modifications to 
the values of the surface capacitance and inductance of the 
structure. 
an electrical ground of metamaterial substrate 600. First sub-
strate layer 604 is formed of a magnetic material and includes 55 
a first side and a second side. Illustrative magnetic materials 
include nickel-zinc ferrite, Co2Z (Ba3Co2Fe24041), a vari-
ety of magnetic ceramic materials available from various 
manufacturers such as Trans-Tech Inc. a subsidiary of Sky-
works Solutions, Inc. and TT electronics pie, etc. The first 60 
side of first substrate layer 604 is mounted to ground plane 
layer 602. First capacitive patch layer 606 is formed of a 
plurality of capacitive patches and includes a first side and a 
second side. The first side of first capacitive patch layer 606 is 
mounted to the second side of first substrate layer 604. Sec- 65 
ond substrate layer 608 is formed of a dielectric material and 
includes a first side and a second side. Illustrative dielectric 
With reference to FIG. 10, a top view of a third antenna 
1000 is shown in accordance with a third illustrative embodi-
ment. Third antenna 1000 may include a first ground plane 
substrate 1002, a second ground plane substrate 1004, radi-
ating element 103, and second radiating element 501. First 
ground plane substrate 1002 and second ground plane sub-
strate 1004 are formed of two different materials having dif-
ferent reactive surface impedances. Each of the at least two 
loop sections is mounted to a different ground plane substrate. 
For example, first loop section 104 ofradiating element 103 is 
mounted to second ground plane substrate 1004 and second 
loop section 106 of radiating element 103 is mounted to first 
ground plane substrate 1002, and first loop section 502 of 
second radiating element 501 is mounted to first ground plane 
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substrate 1002 and second loop section 504 of second radiat-
ing element 501 is mounted to second ground plane substrate 
1004. 
The phase shift provided by each ground plane substrate 
1002, 1004 can help shape the electric field distribution 
underneath third antenna 1000 and ensure that the radiating 
currents radiate in phase by optimizing the frequency 
response of the ground plane substrates 1002, 1004 to achieve 
10 
curve 1204 shows the representative response at a frequency 
of 3 GHz; a fourth curve 1206 shows the representative 
response at a frequency of 1.5 GHz; a fifth curve 1208 shows 
the representative response at a frequency of 600 MHz; a sixth 
curve 1210 shows the representative response at a frequency 
of 4506 MHz; and a seventh curve 1212 shows the represen-
tative response at a frequency of 300 MHz. As indicated in 
FIG. 12, the direction of maximum radiation does not change 
as the frequency is changed. The antenna's beamwidth is 
10 quite wide at low frequencies because the structure's electri-
cal dimensions are extremely small. Nevertheless, even at the 
low frequencies, the antenna demonstrates better directional 
properties than a purely omnidirectional antenna, and the 
antenna's beamwidth decreases with increasing frequency 
a desired phase shift and in phase radiation from different 
sectors of third antenna 1000. As a result, third antenna 1000 
may exhibit an enhanced gain along the azimuth plane at the 
lower operational frequencies as compared to second antenna 
500. In an illustrative embodiment, first ground plane sub-
strate 1002 is formed of a metal sheet and second ground 
plane substrate 1004 is formed of a metamaterial where the 
two different ground plane substrates are optimized to pro-
vide a desired phase shift that results in an in-phase radiation 
with the other half. The design of the antenna and the opti-
mization of the surface impedances can be performed using 
computer aided design where one ground plane substrate is 20 
selected and the other ground plane substrate is optimized so 
that the surface impedance of the other ground plane substrate 
achieves a maximum enhanced radiation efficiency. The rela-
tive phase shift provided between first ground plane substrate 
1002 and second ground plane substrate 1004 has been deter- 25 
mined to be a more important characteristic than the absolute 
phase shift provided by each. 
15 while maintaining the direction of maximum radiation as 
desired. 
With reference to FIG. 11, a top view of a fourth antenna 
1100 is shown in accordance with a fourth illustrative 
embodiment. Fourth antenna 1100 may include a first ground 30 
plane substrate 1102, a second ground plane substrate 1104, a 
third ground plane substrate 1106, a fourth ground plane 
substrate 1108, radiating element 103, and second radiating 
element 501. First ground plane substrate 1102, second 
ground plane substrate 1104, third ground plane substrate 35 
1106, and fourth ground plane substrate 1108 are metamate-
rial substrates formed of four magneto-dielectric materials 
having different reactive surface impedances. Each of the at 
least two loop sections of radiating element 103 and second 
radiating element 501 is mounted to a different metamaterial 40 
substrate. For example, first loop section 104 of radiating 
element 103 is mounted to third ground plane substrate 1106, 
second loop section 106 of radiating element 103 is mounted 
to second ground plane substrate 1104, first loop section 502 
of second radiating element 501 is mounted to first ground 45 
plane substrate 1102 and second loop section 504 of second 
radiating element 501 is mounted to fourth ground plane 
substrate 1108. 
With reference to FIG. 13a, a graph showing an electric 
field distribution 1300 in the near field of antenna 100 at its 
lowest frequency of operation is shown in accordance with an 
illustrative embodiment. With reference to FIG. 13b, a graph 
showing a magnetic field distribution 1400 in the near field of 
antenna 100 at its lowest frequency of operation is shown in 
accordance with an illustrative embodiment. As indicated in 
FIG. 13a, electric field distribution 1300 is strongest at the 
edges of the conductors of first loop section 104 and of second 
loop section 106. As indicated in FIG. 13b, magnetic field 
distribution 1400 is strongest atthe edges of the conductors of 
first section 116 of first loop section 104 and first section 120 
of second loop section 106 and at the edges of the conductors 
of second section 114 of first loop section 104 and second 
section 118 of second loop section 106. This is expected 
because the strongest current densities usually occur at the 
edges of the conductors. Thus, there is a considerable overlap 
between the two regions. 
A technique that can be used to reduce the size of any 
antenna is to load a surface of the antenna with a high-K 
material, i.e., a material having a high dielectric constant. 
This technique can be used to roughly reduce the size of the 
antenna by a factor ofE/12 , where Er is the relative permit-
tivity of the high-K material used for miniaturization. How-
ever, the main drawback of this technique is that it signifi-
cantly reduces the bandwidth of the antenna because the 
quality factor, Q, of such an antenna is proportional to the 
ratio of the net stored energy in the vicinity of the antenna to 
the radiated power assuming that losses are small and loading 
the antenna with a high-K dielectric results in increasing the 
net stored energy in the vicinity of the antenna which 
increases its Q or equivalently reduces its bandwidth. To 
effectively utilize this technique in miniaturizing an antenna In an illustrative embodiment, the relative phase shift fed to 
each of the at least two loop sections of radiating element 103 
and second radiating element 501 and the phase of the reflec-
tion coefficient of each of first ground plane substrate 1102, 
second ground plane substrate 1104, third ground plane sub-
strate 1106, and fourth ground plane substrate 1108 are 
selected to adjust the direction of maximum radiation in a 
desired direction in the azimuth plane. In an illustrative 
embodiment, first ground plane substrate 1102, second 
ground plane substrate 1104, third ground plane substrate 
1106, and fourth ground plane substrate 1108 are similar to 
each other, but optimized to provide different surface imped-
ances using full-wave electro-magnetic simulations. 
50 without sacrificing its bandwidth, the stored electric energy in 
a high-K material can be balanced with a stored magnetic 
energy in a high-µ material, i.e., a material having a high 
magnetic permeability constant. Because the net stored 
energy is the difference between the stored electric and mag-
With reference to FIG. 12, a graph showing directional 
radiation patterns in the azimuth (and elevation) planes 
obtained by optimizing fourth antenna 1100 of FIG. 11 is 
shown. A first curve 1200 shows the representative response 
at a frequency of 6 GHz; a second curve 1202 shows the 
representative response at a frequency of 4.5 GHz; a third 
55 netic energies in the near field of the antenna, if the stored 
electric energy is balanced with an equal amount of stored 
magnetic energy, a miniaturization factor of (Erµr) 112 can be 
achieved without sacrificing the antenna bandwidth. To effec-
tively use this approach while ensuring that the antenna 
60 weight is not increased, the antenna can be loaded (coated) 
with very thin layers of high-µ magnetic/high-K dielectric 
materials only at locations where the magnetic/electric field is 
strongest. A material having a static relative permittivity 
larger than approximately 5-6 can be considered a high-K 
65 dielectric material. A material having a relative magnetic 
permeability larger than approximately 5-6 can be considered 
a high-µ magnetic material. 
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With reference to FIG. 14, a side view of a fifth antenna 
1400 is shown in accordance with a fifth illustrative embodi-
ment. Fifth antenna 1400 may include ground plane substrate 
102, radiating element 103, a high-K dielectric material 1400, 
and a high-µ magnetic material 1402. In the illustrative 5 
embodiment of FIG. 14, antenna 100 is loaded/coated with 
relatively thin layers ofhigh-K dielectric material 1400 and 
high-µ magnetic material 1402. High-K dielectric material 
1400 is loaded on a top surface and around an edge 1404 of 
third section 108 of first loop section 104 and ona top surface 10 
and around an edge 1406 of third section 110 of second loop 
section 106. High-µ magnetic material 1402 is loaded on a top 
and a bottom surface of first section 116 and second section 
114 of first loop section 104 and on a top and a bottom surface 15 
of first section 120 and second section 118 of second loop 
section 106. For example, thin layers of high-µ magnetic 
material 1402 with µr"" 10 and high-K dielectric material 1400 
ErlO are loaded on antenna 100 to form fifth antenna 1400. 
In an illustrative embodiment, the thickness of high-µ mag- 20 
netic material 1402 and high-K dielectric material 1400 is 
approximately 1-2 mm. In general, the higher the dielectric 
permittivity and the magnetic permeability, the lower the 
thickness of the material may be. Of course, loading of the 
antenna may be used with any antenna design described 25 
herein. 
With reference to FIG. 15, a graph comparing a VSWR 
determined by simulating the performance of the antenna of 
FIG. 1 when operating in a coupled loop mode and a wide-
band dipole mode as shown with reference to FIG. 4 with the 30 
performance of fifth antenna 1400 when operating in a 
coupled loop mode and a wideband dipole mode. The simu-
lated VSWR of fifth antenna 1400 in the CLM mode, shown 
by second CLM curve 1502 covers frequencies above 310 35 
MHz. The simulated VSWR of fifth antenna 1400 in the 
WDM mode, shown by second WDM curve 1500 covers 
frequencies from approximately 140 MHz to approximately 
600 MHz range. As shown with reference to the illustrative 
embodiment of FIG. 16, the lowest frequency of operation of 40 
fifth antenna 1400 is reduced by approximately a factor of 2. 
Further miniaturization can be achieved by using magneto-
dielectric materials with higher Er and µr values that are 
commercially available. An example of a magnetic material is 
Co2Z with µr = 10, and an example of a dielectric material is 45 
Rogers 5880 with Er=12, which are commercially available 
from a number of manufacturers such as Trans-Tech Inc. a 
subsidiary of Skyworks Solutions, Inc., TT electronics pie, 
Rogers Corporation, etc. 
With reference to FIG. 16, a side view of a sixth antenna 50 
1600 is shown in accordance with a sixth illustrative embodi-
12 
section 116 and second section 114 of first loop section 104 
and in first section 120 and second section 118 of second loop 
section 106. 
As frequency increases, the electrical dimensions of 
antenna 100 and its finite ground plane increase as well. 
Therefore, at such frequencies, radiation emanating from dif-
ferent parts of antenna 100 either adds constructively or 
destructively in different directions resulting in an interfer-
ence pattern. This manifests itself in the form of ripples in the 
radiation pattern. Additionally, scattering and diffraction 
from the edges of ground plane substrate 102 adds to these 
effects and further deteriorates the radiation pattern of 
antenna 100. With reference to FIG. 17, a top view of a 
seventh antenna 1700 is shown in accordance with a seventh 
illustrative embodiment to reduce these effects. Seventh 
antenna 1700 may include ground plane substrate 102 and 
radiating element 103. In the illustrative embodiment of FIG. 
17, first section 116 of first loop section 104 and first section 
120 of second loop section 106 include a first slit 1702 and a 
second slit 1704 formed in a surface of first section 116 of first 
loop section 104 and first section 120 of second loop section 
106 to provide a frequency dependent reduction in an effec-
tive radiation region of seventh antenna 1700. Seventh 
antenna 1700 may include a fewer or a greater number of slits. 
First slit 1702 and second slit 1704 are narrow slits, with 
relatively small lengths cut into first section 116 of first loop 
section 104 and first section 120 of second loop section 106. 
For example, first slit 1702 and second slit 1704 may be 
etched or milled into first section 116 of first loop section 104 
and first section 120 of second loop section 106. First slit 
1702 and second slit 1704, however, are not cut through first 
section 116 of first loop section 104 and first section 120 of 
second loop section 106. At low frequencies, first slit 1702 
and second slit 1704 are significantly smaller than a wave-
length and have no effect on the performance of seventh 
antenna 1700. However, as frequency increases, the dimen-
sions of first slit 1702 and second slit 1704 become compa-
rable to the wavelength and, at a certain frequency, attain 
resonance creating a high-impedance load in the path of the 
current flowing in first loop section 104 and second loop 
section 106, which in turn limits the radiating components of 
the electric current to the region defined by the position of first 
slit 1702 and second slit 1704. 
The width of first slit 1702 and second slit 1704 is relatively 
small. For example, the widths are in the range from approxi-
mately 0.4-1.0 mm. The length of first slit 1702 and second 
slit 1704 is selected such that they are resonant at the desired 
frequency. For example, at 3 .0 GHz, the length of a slit should 
be roughly half a wavelength or 5 centimeters (cm). If there is 
insufficient physical space to accommodate a straight slit, a 
curved slit or a slit loaded with one or more capacitors may be 
used. The position of the slit is determined based on the 
desired frequency of operation. For example, at 3 GHz, an 
ment. Sixth antenna 1600 may include ground plane substrate 
102 andradiating element 103. In the illustrative embodiment 
of FIG. 16, first section 116 of first loop section 104, second 
section 114 of first loop section 104, first section 120 of 
second loop section 106, and second section 118 of second 
loop section 106 are formed of a multi-tum loop 1601. Multi-
turn loop 1601 includes a first loop point 1604 mounted to 
ground plane substrate 102 and fourth end 136 of second 
section 114 of first loop section 104 and a second loop point 
1602 mounted to ground plane substrate 102 and fourth end 
144 of second section 118 of second loop section 106. High-K 
dielectric material may be loaded on a top surface and around 
anedge 1404 of third section 108 of first loop section 104 and 
on a top surface and around an edge 1406 of third section 110 
of second loop section 106. High-µ magnetic material 1402 
may be loaded between the loop sections formed in first 
55 antenna having lateral dimensions of 20 cmx20 cm corre-
sponds to 22"Ax2"A. To limit the radiating range of the antenna 
to, for example, 10 cmx 10 cm, first slit 1702 may be posi-
tioned 5 cm away from first end 130 of first section 116 of first 
loop section 104 and, respectively, from the feed point. and 
60 second slit 1704 may be positioned 5 cm away from first end 
138 of first section 120 of second loop section 106. 
The word "illustrative" is used herein to mean serving as an 
illustrative, instance, or illustration. Any aspect or design 
described herein as "illustrative" is not necessarily to be con-
65 strued as preferred or advantageous over other aspects or 
designs. Further, for the purposes of this disclosure and unless 
otherwise specified, "a" or "an" means "one or more". Still 
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further, the use of "and" or "or" is intended to include "and/ 
or" unless specifically indicated otherwise. 
The foregoing description of illustrative embodiments of 
the invention have been presented for purposes of illustration 
and of description. It is not intended to be exhaustive or to 
limit the invention to the precise form disclosed, and modifi-
cations and variations are possible in light of the above teach-
ings or may be acquired from practice of the invention. For 
example, aspects of the various embodiments may be com-
bined to form further additional embodiments. The illustra-
tive embodiments were chosen and described in order to 
explain the principles of the invention and as practical appli-
cations of the invention to enable one skilled in the art to 
utilize the invention in various embodiments and with various 
modifications as suited to the particular use contemplated. It 
is intended that the scope of the invention be defined by the 
claims appended hereto and their equivalents. 
What is claimed is: 
1. An antenna comprising: 
a ground plane substrate; and 
a radiating element comprising at least two loop sections, 
wherein each of the at least two loop sections is electri-
cally connected to a feed network and to the ground 
plane substrate, wherein the radiating element is config-
ured to radiate over a first frequency band when the feed 
network provides an in-phase input signal to the at least 
two loop sections and to radiate over a second frequency 
band when the feed network provides an out-of-phase 
input signal to the at least two loop sections, wherein the 
second frequency band includes a lower frequency than 
the first frequency band. 
2. The antenna of claim 1, wherein a first loop section of the 
at least two loop sections comprises: 
a first section comprising a first end and a second end, 
wherein the first end is electrically connected to the feed 
network; 
14 
10. The antenna of claim 6, wherein a second loop section 
of the at least two loop sections is mounted as a mirror image 
of the first loop section of the at least two loop sections. 
11. The antenna of claim 10, wherein the first section and 
the second section together have a deltoid shape when pro-
jected into the second plane. 
12. The antenna of claim 11, wherein the second loop 
section is mounted to form a gap between a first end point of 
the deltoid shape of the first loop section and a second end 
10 point of the deltoid shape of the second loop section. 
13. The antenna of claim 12, wherein the first end point is 
at a first tip of the long edges of the deltoid shape of the first 
loop section and the second end point is at a second tip of the 
15 long edges of the deltoid shape of the second loop section. 
20 
14. The antenna of claim 13, wherein the third section is 
mounted to the second end and the third end along a first 
diagonal of the deltoid shape, wherein the first diagonal does 
not include the first end point. 
15. The antenna of claim 14, wherein the third section has 
a pentagon shape when projected into the second plane, and 
further wherein the first end point is centered within an angle 
formed between two sides of the pentagon shape. 
16. The antenna of claim 15, wherein a pentagon surface 
25 area defined by the pentagon shape is larger than a deltoid 
surface area defined by the deltoid shape. 
17. The antenna of claim 15, wherein a pentagon diagonal 
of the pentagon shape extending from the angle and bisecting 
the pentagon shape is approximately equal in length to a 
30 
second diagonal of the deltoid shape including the first end 
35 
point. 
18. The antenna of claim 2, wherein the first section and the 
second section are coated with a magnetic material. 
19. The antenna of claim 2, wherein the first section and the 
second section are formed of a multi-turn loop. 
a second section comprising a third end and a fourth end, 
wherein the third end is mounted to the second end, and 40 
the fourth end is mounted to the ground plane substrate; 
and 
20. The antenna of claim 2, wherein the first section com-
prises a slit formed in a surface of the first section to provide 
a frequency dependent reduction in an effective radiation 
region of the first section. 
21. The antenna of claim 1, comprising a plurality of radi-
ating elements. 
a third section mounted to the second end and to the third 
end. 
3. The antenna of claim 2, wherein the third section is 45 
generally planar and oriented in a first plane approximately 
parallel to a second plane defined by the ground plane sub-
strate. 
22. The antenna of claim 1, wherein the second frequency 
band includes a frequency of 300 megahertz. 
23. The antenna of claim 22, wherein the first frequency 
band includes a frequency of 3 gigahertz such that a band-
width supported by the antenna includes a frequency range of 
300 megahertz to 3 gigahertz. 
4. The antenna of claim 3, wherein the third section has a 
pentagon shape when projected into the second plane. 
24. The antenna of claim 1, wherein the second frequency 
50 band includes a frequency of 30 megahertz. 
5. The antenna of claim 4, wherein at least a portion of a 
surface area of the pentagon shape of the third section is 
coated with a dielectric material. 
6. The antenna of claim 2, wherein the third end is mounted 
to the second end to form two sides of a triangle extending 55 
above the ground plane when projected into a third plane 
perpendicular to a second plane defined by the ground plane 
substrate and extending through the ground plane substrate. 
25. The antenna of claim 24, wherein the first frequency 
band includes a frequency of 3 gigahertz such that a band-
width supported by the antenna includes a frequency range of 
30 megahertz to 3 gigahertz. 
26. The antenna of claim 1, further comprising the feed 
network configured to generate the in-phase input signal 
when excited at a first frequency and to generate the out-of-
phase input signal when excited at a second frequency. 
7. The antenna of claim 6, wherein the third section is 
mounted to the second end and the third end along an edge 
joining the third end and the second end. 
27. The antenna of claim 1, wherein the ground plane 
60 substrate is formed of a magneto-dielectric material. 
8. The antenna of claim 7, wherein the first section and the 
second section together have a quadrilateral shape when pro-
jected into the second plane. 
9. The antenna of claim 8, wherein the third section is 65 
mounted to the second end and the third end along a diagonal 
of the quadrilateral shape. 
28. The antenna of claim 1, wherein the ground plane 
substrate comprises: 
a ground plane layer configured to form an electrical 
ground; 
a first substrate layer formed of a magnetic material and 
including a first side and a second side, wherein the first 
side is mounted to the ground plane layer; 
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a first capacitive patch layer formed of a plurality of capaci-
tive patches and including a first side and a second side, 
wherein the first side is mounted to the second side of the 
first substrate layer; 
a second substrate layer formed of a dielectric material and 
including a first side and a second side, wherein the first 
side is mounted to the second side of the first capacitive 
patch layer; and 
a second capacitive patch layer formed of a second plural-
ity of capacitive patches and mounted to the second side 10 
of the second substrate layer. 
29. The antenna of claim 1, wherein the ground plane 
substrate is formed of a plurality of magneto-dielectric mate-
rials having different surface impedances with each of the at 
least two loop sections mounted to a different magneto-di- 15 
electric material. 
30. The antenna of claim 29, comprising a plurality of 
radiating elements. 
31. An antenna comprising: 
a ground plane substrate formed of at least four magneto- 20 
dielectric materials having different surface imped-
ances; 
16 
a first radiating element comprising two loop sections, 
wherein each of the two loop sections of the first radiat-
ing element is electrically connected to a feed network 
and to the ground plane substrate; and 
a second radiating element comprising two loop sections 
wherein each of the two loop sections of the second 
radiating element is electrically connected to the feed 
network and to the ground plane substrate; 
wherein each of the two loop sections of the first radiating 
element and each of the two loop sections of the second 
radiating element is electrically connected to a different 
magneto-dielectric material of the ground plane sub-
strate; and 
further wherein the feed network provides an input signal 
to each loop section of the first radiating element and of 
the second radiating element, where the input signal to 
each has a different phase selected to define a direction 
of a radiation pattern generated by the first radiating 
element and the second radiating element. 
* * * * * 
